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Abstract

Many clinical trials compare the efficacy of K(=3) treatments in repeated measurement studies.
However, the design of such trials have received relatively less attention from researchers. Zhang
& Ahn (2012) derived a closed-form sample size formula for two-sample comparisons of time-
averaged responses using the generalized estimating equation (GEE) approach, which takes into
account different correlation structures and missing data patterns. In this paper, we extend the
sample size formula to scenarios where K (=3) treatments are compared simultaneously to detect
time-averaged differences in treatment effect. A closed-form sample size formula based on the
noncentral 2 test statistic is derived. We conduct simulation studies to assess the performance of
the proposed sample size formula under various correlation structures from a damped exponential
family, random and monotone missing patterns, and different observation probabilities. Simulation
studies show that empirical powers and type | errors are close to their nominal levels. The
proposed sample size formula is illustrated using a real clinical trial example.

1 Introduction

Diggle et al. (2002) provided closed-form sample size formulas for clinical trials with
repeated measurements, which compare the time-averaged responses and the rates of change
based on a continuous outcome between two groups, assuming no missing data, the
compound symmetry (CS) correlation among observations, and a balanced design. Jung &
Ahn (2004) proposed a sample size formula to compare K-sample slopes in repeated-
measurement studies using the generalized estimating equation (GEE) approach (Liang &
Zeger 1986), which has been widely used to analyze repeated-measurement data due to its
ability to accommodate missing values and robustness against misspecification of the true
correlation structure. Time-averaged difference analysis is frequently used when the
outcome varies with time (Zhang & Ahn 2011). For example, if mean blood pressure levels
are compared between treatment groups by taking only one measurement from each subject,
the experiment may have a poor performance due to substantial within-subject variation in
blood pressure levels. Liu & Wu (2005) provided a sample size formula to test the time-
averaged differences for unbalanced clinical trials between two treatment groups. Following
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the GEE approach, Zhang & Ahn (2012) extended the sample size calculation for time-
averaged difference between two groups to allow for missing data, general correlation
structures, and unbalanced randomization.

In this paper we further extend the approach of Zhang & Ahn (2012) to calculate sample
sizes for repeated-measurement clinical trials where K (= 3) treatment groups are compared
based on time-averaged differences. The derived sample size formula has a closed form, and
is flexible enough to accommodate balanced or unbalanced experimental designs, arbitrary
missing data patterns, and various correlation structures.

Suppose in a clinical trial enrolled subjects are randomly assigned to one of K'treatment
arms, and scheduled to be evaluated Jtimes during the study period (at time 4, -+, £). Here
tyindicates the end of study. Without loss of generality, we set £;= J We use yy;jto denote
the continuous outcome variable obtained from the ith subject of the Ath treatment arm at

K
time #. The number of subjects within each treatment arm is denoted by 77, and ”:Zk=1""

is the total number of subjects. We define r, = r74/nto be the probability of a patient being
assigned to the Ath treatment. To detect time-averaged differences among the Ktreatment
arms, we consider the following model,

YVkij = b+ exij» 1)

where by indicates a group-specific treatment effect and e;;is a zero-mean error term with
variance o2. We assume ek to be correlated within subjects, Corr(e j; e;) = pjjWith pj;=
1, and independent across subjects. The null hypothesis of interestis Hyp : by = - = by

First we briefly review the testing procedure without missing data. Based on an independent
working correlation structure, the GEE estimator of by is

ny J Nk ,
Zi:l j=1 ki =Zi=11 Yui "
n

W trr

B

To facilitate a later extension that accommodates missing data, we present the estimator in a
matrix form. Here y.;= (Vi =, Vi) is the vector of repeated measurements from the
same patient and 1 is a vector with all Jelements being 1.

Under the null hypothesis, we use bto denote the common value of treatment effects. i.e., &
= b = = b= b. The GEE estimator of bis obtained by pooling observations from all K
groups,

T Zzlzzlz;yﬁf _ Z;;Zjilllyli
K n :
" Zl:lZiillll

We define a vector B=vn(b; — b,--- ,b,_, — by. Plugging (1), we have

ny K n
-~ =~ '—11/8"[ Zl—l '—11,8“
bk — bzbk — b+ = — — =

ng K n :
11 G
i=1 lel i:]l 1
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Here e = (exi1, =, e4i) - Under Hy, the central limit theorem suggests that as 7 — oo,
vector B is approximately normal with a mean 0 and a (K- 1) x (K - 1) variance matrix W
= (Wyp). The value of wyy,is

g K n ny K n
1’8/(,' Z 1,8[1‘ i_llllshi Z 1’8[,’

i=1 =1 i=1 =1 i=1
Wih =F |n - . - - (3

ng K n nh K n
11 4 11 4
i=1 Zl:l i:ll 1 Zi=1 Zl:l i:ll 1

Note that we define B=vn(b, — b, --- ,b,_, — by with length (K - 1) instead of
Va(b, =b,--- b, —b,b, — b)Y with length K. The reason is that the K elements in the latter

K — —
vector follow a linear constraint, Zl:lrl(bl = b)=0, which in turn would lead to a singular
variance matrix.

In practice W can be consistently estimated based on empirical error vectors ?:k,-/: Vi — 16

prra .
For hypothesis testing, we reject Hp with type I error a if B'W B>)(i71,17[,. Here )(i_l_,ﬂ, is
the 100(1 — a)th percentile of a XZ distribution with (K — 1) degrees of freedom.

2 Sample Size and Power Calculation

Suppose we would like to test the alternative hypothesis H,: b, = 81, -, bk = O, versus the
null hypothesis Hy : b1 = -+ = by, based on statistic B’ W1B. Under H,, as n— oo, B

" W-1B approximately has a noncentral 2 distribution with K — 1 degrees of freedom and a
noncentrality parameter /m’W1n, where W = lim, .o Wand

=61 -6, ,6,, -6

- K
with 9=Zk:1rk9k. Let X (U) denote a noncentral %2 random variable with K — 1 degrees
of freedom and a noncentrality parameter U. Under type | error a and power 1 - f, the
sample size is calculated by first solving for U from the following equation,

1-B=P (X, ()42, ) -

Denoting the solution by U= K - 1, a, B), the required sample size is

UK-1,a,B)
n=————

77, wW- 1 n (4)

The value of UK - 1, a, B) can be obtained through numerical search. The SAS function
CNONCT also provides the solution. In the following we derive the expression of W or W1
in the presence of missing data and arbitrary correlation structures, which eventually leads to
a closed-form sample size formula. We assume that the outcomes are either measured at
scheduled time (7, -+, £) or missing, and the missing probabilities are only associated with
time. Let &, be an indicator which takes value 0/1 if a subject’s outcome measurement at
is missing/observed. We define pj= E(54;) to be the probability of a subject having an
observation at time #; and pj;- = E(54;5 ;) to be the probability of a subject having
observations at both #;and £ Note that p;; = pj.
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Theorem 1. Asn— oo, the (K - 1) x (K - 1) variance matrix W converges to

A/ -1 -1 1
1 (=1 -1 e
W:i2 -1 -1 /3 -1) --- -1
H : : : . :

1 -1 1 Ufre, 1)

) J J J
Heres=0" ), o1 2upPiiPiy and ﬂ=ZA,-:]Pj.
Proof. See Appendix A.1.

The special structure of W allows straightforward evaluation of its inverse,

2
W‘lz%[diag(r)+r;1'l"'l"] with r = (ry, -+, rxk-1)". Then we have

1 l~l2 S 2 1K_1 ’
"W~ == Zrkﬂkﬂ,; Zrkﬂk . (5

k=1 k=1

Plugging (5) into (4), we have the final sample size formula accounting for missing data in
the test of time-averaged differences.

The required sample size is affected by missing data through observation probabilities (;
and pj;) in sand . Different specifications of pj;-imply different missing patterns. For
example, under random missing (RM), we have pj;-= p;p;-. That is, having an observation at
f;is independent of having an observation at #. On the other hand, under monotone missing
(MM), a subject missing the measurement at Z;will miss all subsequent measurements. In
this case we have p;;-= p/-/forj > j. The sample size is also affected by within-subject
correlation, which is characterized by p ;- Different correlation structures can be considered.
The compound symmetry (CS) correlation structure assumes a constant correlation
regardless of the temporal distance between two measurements, p ;= p for j# . The
autoregressive (AR) correlation structure, however, assumes p ;- = ol 41, Thus
measurements made close together will have a higher correlation than those made far apart.
In this study we consider a flexible damped exponential family of correlations from Munoz
etal. (1992). The within-subject correlation is parameterized by p;;= Pl 41 with0< ¢ <
1. Note that the CS and AR correlation structures are special cases of this family when ¢
takes value 0 and 1, respectively. With ¢ ranging between 0 and 1, we have a flexible model
to describe the various correlation structures in real experiments.

Traditionally, researchers have taken a crude approach to adjusting sample size for missing
data. Specifically, the observation probabilities usually decrease over time, o1 =2 p» =+ = p;,
and we define ¢=1 — p,to be the dropout rate at the end of study. To make adjustment for
missing data, researchers first calculate the sample size under complete data (o, = pp =+ =
py=1), denoted by 5. Then the sample size with missing data is obtained by inflating 5y by
a factor of 1/(1 - ). That is, /™ = my/p;. This adjustment approach may be too conservative,
resulting an unnecessarily large sample size and waste of resources. The reasons are: 1)
Subject who dropped out at £;might have partial observations (measurements at earlier
times). These partial observations are involved in statistical inference but their contribution
is ignored by the crude sample size adjustment. 2) The impact of missing patterns also needs
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to be considered. Given the same dropout rate, observation probabilities that fall rapidly at
the beginning of study and stabilize later will lead to more severe missingness than
probabilities that drop steadily over time. Furthermore, given the same observation
probabilities P = (py, -+, p)’, the RM pattern suggests that missing values tend to be evenly
distributed among all subjects while the MM pattern suggests that missing values tend to be
concentrated among a subset of subjects. 3) The impact of missing data also depends on
correlation. For example, if the repeated measurements are highly correlated, missing a few
measurements may only lead to small information loss, and thus little impact on sample size.

J
The proposed sample size formula makes a better use of information. In ﬂ:Z_,-:,Pj, it
considers all the observation probabilities over the study period instead of the dropout rate at

2 J J .o
the end of study only. In =7 ijlzjlel’ﬁ'mf , the correlation (p;)) between pairs of
measurements are taken into account as well as the probabilities that they are actually
observed in the trial. The following theorem indicates that under realistic conditions, the
proposed approach always leads to a saving in sample size compared with that based on the
traditional adjustment for missing data.

Theorem 2. /n a clinical trial with repeated measurements, if a) the observation probabilities
are non-increasing over time, py = pp = - = pj; and b) the within-subject correlations are
non-negative, pj;= 0, then we always have

n<no/p,.

Furthermore, we have n= mylp; only under complete data, p = --- = P;=1.
Proof. See Appendix A.2.

The two conditions are satisfied in most clinical trials. Given these two conditions, Theorem
(2) is applicable regardless of missing pattern or correlation structure.

The sample size requirement also depends on the alternative hypothesis. One frequently
assumed alternative hypothesis is that among the K groups, one receives a control treatment
and the others receive different experimental treatments with similar efficacy. Without loss
of generality, let 6 denote the control treatment effect,and 01 = - =0, -1 =0+ A
denote the experimental treatment effects. This specification implies that 8 = 84+ (1 - rA
and ng = rA for k=1, ---, K- 1. Then the sample size formula is

B UK - 1,a',ﬁ)er
- K-1 5"
RN =1 Y

Another widely used alternative hypothesis is that the experimental groups (k=1, ---, K-1)
are ordered in treatment effect. For example, the dosage of an experimental drug increases
over the groups, with a constant improvement in efficacy between consecutive dosages. In
this case we have 8,= 0, + kA for k=1, ---, K- 1. Here we only present the special case of
a balanced design, i, = --- = ri= 1/K. First we have 6 = 8+ A(K - 1)/2 and nx= A[k—- (K
- 1)/2] for k=1, ---, (K- 1). The required sample size is expressed as

12U (K-1,a,P)s
S AR )
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3 Simulation

We conduct simulation studies to assess the performance of the proposed sample size. A
clinical trial is conducted to compare the efficacy of K= 4 treatments based on time-
averaged differences of J= 6 repeated measurements during the study period. The nominal
power and type | error are setat 1 — p = 0.8 and a = 0.05, respectively. We explore the
effects of a series of correlation structures from the damped exponential family with ¢ =0
(CS), 1/2, and 1 (AR(1)). Different values of parameter p are considered, ranging from 0.1,
0.25, to 0.5. We assess the impact of two missing patterns, RM and MM, with different
trends in observation probabilities,

P1=(1,0.82,0.79, 0.76, 0.73, 0.7),
P, =(1,0.94, 0.88, 0.82, 0.76, 0.7),
P3=(1,1,1,0.9,0.8,0.7),
Ps=(1,1,1,1,1,1).

The first element of the four probability vectors are 1, indicating complete data at #. Vectors
Py, P, and P53 assume an equal dropout rate of 0.3 at the end of study, but via different paths.
Specifically, P; assumes a sharp drop at the early stage; P, assumes a constant decrease
throughout the study period; and P3 assumes missing data to only occur in the late stage.
The scenario of complete data is described by P4. We consider two types of alternative
hypotheses, both with K- 1 experimental treatments and a control treatment. The first one

(denoted by £") assumes the (K - 1) experimental treatments to have similar efficacy with

A® =0.2. The second one (denoted by H'?) assumes the (K - 1) experimental treatments to
be ordinal in efficacy with a constant improvement (A(@ = 0.1) upon one another. We
specify variance parameter o2 = 1. For illustration purpose, we only present the results for
balanced design 1 = - = ri = 1/K. The sample size formula, however, is generally
applicable to any randomization scheme.

A required sample size () is calculated for each combination of the aforementioned
designing factors. Five thousand datasets, each containing /7 subjects, are then generated
based on Model (1), with assumed missing patterns and correlation structures. We assess the
empirical power and type | error in testing null hypothesis Ay : by = - = bk The
simulations are conducted using statistical software R 2.13.1 (R Foundation for Statistical
Computing, Vienna, Austria). The R code is available upon request from the first author.

Tables 1 and 2 present estimated sample sizes, and empirical powers and type | errors, under

alternative hypotheses 5D and H®), respectively. In both tables the empirical powers and
type | errors are close to their nominal values, suggesting that the proposed sample size
performs well. Furthermore, within each table, the sample sizes under P4 are exactly the
same between the random and monotone missing patterns, because P4 represents complete
data. We have a few observations. First, the within-subject correlation p ;= pl7 5% is an
increasing function of p and a decreasing function of ¢. As the correlation (p;) increases,
the effective number of observations decreases, and the required sample size increases. Thus
we observe in both tables that the sample sizes increase with p. Similarly, with ¢ increasing
from 0 to 1, p;-decreases as the correlation structure transforms from CS to AR(1), and the
sample size requirement decreases. Under the monotone missing pattern, missing data tends
to be concentrated within certain patients, which leads to a larger sample size requirement
than that under the random missing pattern. The two tables also demonstrate the advantage
of the proposed sample size in adjusting for missing data compared with the traditional

approach. For example, under (52, p = 0.1, ¢ = 0), the sample size under complete data is

Comput Stat Data Anal. Author manuscript; available in PMC 2014 February 01.
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219. To adjust for a dropout rate of 0.3, the crude approach would have required a sample
size of /7 = 219/0.7 = 313, dramatically larger than those presented in Table 2: 255 for Py,
244 for P, and 234 for P3 under RM; and 266 for Py, 250 for P,, and 236 for P3 under MM.
The proposed sample size formula takes into account the strength of correlation (p),
correlation structure (¢), trend in observation probability, and missing pattern, in the
adjustment for missing data. This accurate adjustment enhances the efficiency in the use of
medical resources in clinical trials.

Because in the damped exponential family, the correlation coefficients p ;-depend on both ¢
and p. To further investigate the association between correlation and sample size, we

K
conduct an additional simulation study where we fix the value of .5=(Zk=2.01k)/(1< = 1), the
average of within-subject correlation coefficients. For ¢=0, 1/2, and 1, we solve for the
values of p such that p is fixed at particular levels. We explore three levels of p: 0.1, 0.25,
and 0.5. With (¢, p) obtained, we conduct simulations to assess the performance of the

sample size formula. In Table 3 we present the simulation results for ). We can see that as
¢ increases, larger values of p are required to maintain the average level of correlation p.
The simulation results indicate that even for a given average level of correlation, different
combinations of (¢, p) still lead to drastically different sample sizes. For example, under no
missing data, if we fix p at 0.1, the required sample size is 364 under (¢ = 0, p = 0.1) but 425
under (¢ =1, p = 0.33), a 17% difference. Thus the key factor affecting the sample size
requirement is not the average correlation, but the combination of (¢, p). We reach similar

conclusions from the simulation results for £ (the table omitted).

4 Real Data Example

For illustration, we apply the proposed sample size formula to a collaborative study of
schizophrenia by the National Institute of Mental Health, which collected data on treatment-
related changes in the overall severity (Hedeker & Gibbons 1997). A total of 437 patients
were enrolled and randomly assigned to one of K= 4 medications arms: placebo,
chlorpromazine, fluphenazine, and thioridazine. The latter three are anti-psychotic drugs.
After initiating medication, patients were followed up weekly for 6 weeks. The outcome
measurements followed a random missing pattern. The proportions of subjects with
observations at weeks 1 to 6 are (0.98, 0.03, 0.86, 0.03, 0.02, 0.77). Thus only a small
portion of subjects had measurements at weeks 2, 4, and 5. Because the three anti-psychotic
drugs were considered to have similar effects, in a preliminary study, they were combined as
one group and compared with the placebo. Model (1) with a CS correlation structure was fit
to the data, and it was estimated that the time-averaged difference A = 0.99, variance o2 =
2.05, and correlation p = 0.45.

Suppose we would like to design a similar trial based on results from the aforementioned
schizophrenia study. We set the levels of type | error at 0.05 and power at 0.90, and adopt a
balanced design. Because most of the measurements were obtained at weeks 1, 3, and 6, we
assume J= 3 and the vector of observation probabilities P = (0.98, 0.86, 0.77). If the three
experimental treatments have a similar effect, it requires a total of 7= 108 subjects to detect
a time-averaged difference of A =0.99. If there is no missing data, /7= 101 subjects will be
needed. By enrolling 437 subjects, the original study was powered to detect a time-averaged
difference of A =0.5. Finally, if we assume the effects of the three treatments to be ordinal
at 0.79, 0.99, and 1.19 (the average remains to be 0.99), the estimated sample size will be n
=08.

Comput Stat Data Anal. Author manuscript; available in PMC 2014 February 01.
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5 Discussion

We have developed a closed-form sample size formula for a K-sample (K= 3) comparison
of time-averaged responses that incorporates missing data, general correlation structures,
and unbalanced randomizations. Our simulation results suggest that the proposed sample
size formula performs well, with the empirical power and type | error close to the nominal
levels under various correlation structures and missing data patterns. Our simulation results
also demonstrate that correlation coefficients and correlation structures substantially
influence the sample size requirement. The sample size under a CS structure is always larger
than that under an AR(1) structure given the same p value. In the absence of information
concerning the true correlation structure, a conservative approach would be to adopt the CS
model.

The simulations in this paper show that with all other design parameters fixed, a larger
correlation between repeated observations leads to a larger sample size. In Jung & Ahn
(2004), which investigated the sample size calculation for comparing the rates of changes
among K groups, a larger correlation between repeated measurements leads to a smaller
sample size. Correlation affecting sample sizes differently in these two scenarios has been
noted by Diggle et al. (2002) in two-sample comparisons.

We derived the sample size formula based on the assumption of missing completely at
random. When the missing probability of a particular subjects depends on the subject’s
covariates, we can specify pjas the average of individual probabilities over the distribution
of the covariates in the population, and the results in this paper remain valid. If the missing
probabilities depend on the subject’s outcomes, an additional model for the missing
mechanism is needed to achieve a valid statistical inference. This much more complicated
model prevents the derivation of a closed-form sample size formula, and sample size
requirement would have to be assessed through numerical studies. It is generally true,
however, that a more complicated model would require a large sample size to maintain the
level of power and type | error.

A heuristic approach for sample size calculation in K-sample trial has been to calculate the
number of patients needed per treatment group using the sample size formula for 2-sample
comparisons, and then multiply that number by K'to obtain the total sample size needed for
the study (Liu & Dahlberg 1995). Research is in progress to compare empirical powers
between the heuristic and the proposed approaches under different scenarios such as (1) a
control and K- 1 similar treatments, and (2) K ordered treatments.
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Appendix A.1

Proof: With missing data, the expression of f is obtained from (2) by replacing 1 with 8 ;=
(84 Sk

g ’
Zi: OriVki

ng ’ :
Zi: 1 Oidki

B
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The expression of &, b — b, and wjy, in Section 1 can be modified similarly to accommodate
missing data. To derive the expression of W, first we have

(S Y] (S S
Z 6"’6]” Zl:lZi:léliéﬁ Z 6h’6h’ ZZIZZI‘W"

Wikh=

We simplify the above expression using the fact that 4, are independent between subjects.
When k= A,

ny ’ ’ ny 1073 ’ ’
Zi:lakiskiskiék‘ Zl 12 61181181'61’ Z 5kiaki8ki§ki

Wkkan —

(ZZI&;"'&‘") (Zl 12711 S ”) (Zm 5’“6"’)(21 12’“ 5zi5li)

As n— 00, we have that Z 018K 1;0ki CONVerges to /rys, Zl %0k converges to /74,

ny ’ ’
le 12 = 15zi81i8/i5li converges to 55, and Z = 12 . 9i€i converges to /. Thus

N ( nr o _n nry ): (1 =r)s
() (np)?  (rg)(m) |
When k# 5,
n 4 nk , nn
Z/ 12 018101 Z | OkiBi€1;0ki 5h,8h,8;,,5hz
wip=nkE - - )

(ZI:lZi:I(S/liélif (an 5’“6"’)(21 12”1 6”6”) (2215;”5’1")(lelzizld}iéﬁ)

Similarly it can be shown that wy converges to —s/p.2.

Thus we complete the proof of Theorem 1.

Appendix A.2

> J J
Proof. Under complete data (py = --- = p;= 1), we have 50= Zj:lz_/'/:l =Pjiand pg=J
Here we use subscript 0 to indicate their correspondence with 5. Thus proving n< ng/p;is
equivalent to proving that

J J J-1 J
n_p, s Pp, Z,i=12/:1p iRl _p, 5+2Z_/=12_7:j+1p irPir
_ i . 27, <1
nolp, 2 - 2 7 - - =4
;M .

%0 ZJ.:le Zj:] j"=1pjj' 7 J+22::;Z;':j+1p“
j

_ J
Here Pzzjzlpj/f_

Lemma 1. Under Conditions a) and b),
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~

-1 J

J-1 J
PjjPjj < I_JZ Z Pijj -

J=j+1 j=17=j+1

~
Il

Proof. Because pj;-= 0 and, regardless of random or monotone missing pattern, g < p;, we
have

J-1 J J-1 J ZI Zj'—l
E E cu E E Oy . . 7
Jj=1 j/=j+1p]./ Pjj < j=1 j'=j+lp'] Pjj _ =2 p] Jj=1 p]] _
J—-1~—J = J-1~—J = 7 -1 _Zp/”/"
.y - - =2
Zj:le':ij“ Zj:le’:ij“ Z_,‘ezz_;zl Pii /

That is, the right hand side of inequality is a weighted average of {p;: J =2, B} with
weights

/-1
jo1 PiF

W=

j Ty
Zzzz 1P

With pji-= 0 from Condition b), we have w, < w5, < --- < w;;. Furthermore, Condition a)
indicates that p; = p» = -+ = p; In the weighted average, the weights decrease with the
values of the elements. Thus

J
ZPJ’WJ" < P <P
=

_ J
Here P(—l)zzj,zzl’j’/(j = Dis the unweighted average of {p;: j =2, b We have the
last “<” sign because gincludes an additional element (p;), which is no less than any of the
elements in g-1). Thus we complete the proof of Lemma 1.

Using Lemma 1, the left hand side of inequality (7) is less than

We have the last < sign because p;is the smallest element in P = (o, -+, pj). Thus it is
smaller than the average.

It is obvious from the above derivation that the equality sign only holds when py = --- = p;=
1.
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